Summary Stem sapwood hydraulic permeability, tree leaf area, sapwood basal area, earlywood to latewood ratio of annual rings, radial variation in hydraulic permeability and stem hydraulic capacity were examined in dominant (D), codominant (CD) and suppressed (SP) lodgepole pine (Pinus contorta Dougl. ex Loud.) trees growing on medium and poor sites. Hydraulic permeability on a sapwood area basis (k s ) was lower in suppressed trees (0.71 × 10 -12 m 2 ) compared to dominants (1.97 × 10 -12 m 2 ) and codominants (1.79 × 10 -12 m 2 ), and higher on medium than on poor sites. The leaf/sapwood area ratio (S) varied with crown dominance position (D > CD > SP) but not by site type. Leaf specific conductivity (k L ) did not vary between crown classes or site types. The relationship between leaf area and stem hydraulic supply capacity (Q*) was strong, but differed among crown classes. Dominant trees and trees from the medium sites had a greater proportion of earlywood in outer rings of sapwood than suppressed trees. Sapwood permeability declined from the cambium to the sapwood-heartwood boundary in all samples, but the decline was more gradual in dominant trees compared to codominant and suppressed trees; differences in the radial variation in sapwood permeability may be related to differences in S. Sapwood permeability is positively related to crown dominance, whereas subdominant (CD and SP) trees have greater Q* in relation to leaf area, leading us to propose that this may give subdominant trees a survival advantage, slowing self-thinning.
Introduction
Differentiation of individual trees into dominance classes is a result of competitive interactions between individuals building upon inherent factors affecting growth rates such as differences in genotype or microsite. Size differences are expanded by "one-sided" competition (Weiner and Thomas 1986) , wherein larger individuals secure proportionally more resources and improve their growth rate at the expense of smaller individuals (Oliver and Larson 1990 ). This eventually results in self-thinning (Peet and Christansen 1987) . These interactions among trees of different competitive ranks result in changes in phenotype, crown size and foliage arrangement (Xu and Harrington 1998) and leaf physiology. In addition, the rate of stand development and self-thinning varies considerably among sites of differing site quality or site index (Oliver and Larson 1990) . For this reason, stand density and site quality covary in unmanaged stands, resulting in differences in density between similar aged stands of different site quality (Pothier et al. 1989a (Pothier et al. , 1989b .
Sapwood permeability has a strong influence on photosynthesis and productivity because it affects stomatal conductance in response to dynamic water stress (Whitehead 1998) . We suspect that competitive rank would also influence hydraulic properties of sapwood, which would have a long-term impact on growth and competitive processes. Recent exploration of sapwood hydraulic characteristics has focused on the climatic factors that affect the hydraulic architecture of trees (Mencuccini and Grace 1995 , DeLucia et al. 2000 , Mencuccini and Bonosi 2001 and the influence of hydraulic architecture on ecological processes governing forest stand dynamics (Mencuccini and Grace 1996a , 1996b , Mencuccini et al. 1997 , Ryan and Yoder 1997 , Hubbard et al. 1999 , Magnani et al. 2000 . Growth rate is positively associated with sapwood permeability, because trees from better quality sites (as measured by site index) have more permeable sapwood (Pothier et al. 1989a (Pothier et al. , 1989b . To date, differences in sapwood hydraulic characteristics between dominant, codominant and suppressed trees in self-thinning stands and the interaction of these differences with differences in site quality have not been studied.
The principle objective of this study was to explore how leaf area, sapwood area and sapwood permeability vary among dominant, codominant and suppressed lodgepole pine trees from medium and poor sites. Because the conductivity of an ideal capillary increases by the fourth power of its radius (Zimmerman 1983) , and earlywood tracheids have larger lumen diameters than latewood tracheids (Saranpaa 1985) , we hypothesized that competitive dominants or faster growing individuals on better sites would have more permeable stem sapwood owing to a greater proportion of earlywood. We were also interested in how crown class differentiation might be related to differences in radial variation of sapwood conductivity (Shelburne and Hedden 1996) . Ultimately, our intention was to explore the balance between leaf area and stem ability to supply water to leaves, and the role of this balance in the competitive dynamics of these stands.
Materials and methods

Site selection and sample tree characteristics
All plots were located within the Gregg River Burn (56,000 ha, burned in 1956) about 50 km south of Hinton, Alberta. The terrain is hilly, with soils derived from glaciofluvial, glaciolacusterine and eolian deposits. All trees were sampled from plots established between 53°8′ and 53°17′ N and 117°15′ and 117°27′ W and between 1200 and 1300 m elevation. Normal annual precipitation (1962 Normal annual precipitation ( -1992 is 452 mm, with almost half (197 mm) falling as snow (Environment Canada 1993) . Sample trees were taken from fully occupied, even-aged lodgepole pine stands showing signs of mortality and crown class differentiation. Stands were free of disease and not subject to a permanent or periodic high water table (no mottling or evidence of gleying observed in a 75-cm soil pit). Sites were identified as medium (M) or poor (P) based on ecological association and density (Table 1) . Sites of each type were also similar in terms of site index, calculated from heights of dominants using a locally derived height-site index-age model (Huang et al. 1997 ). All sites were fully occupied as stand density index (SDI) was greater than 600 (Long 1985) , and spacing factors were below 15% (Day 1997) .
Plots were randomly located in each of six M sites and six P sites; circular plot radius varied from 2 to 5.64 m depending on density and included 28-54 trees. Ages of the stands, determined from basal disks, ranged from 37 to 46 years, except for stand M-5, which was 63 years old. Three healthy trees from each plot were selected before harvest, according to Oliver and Larson (1990) : one each from dominant (D), codominant (CD) and suppressed (SP) categories. A total of 36 trees were harvested. Canopy trees (D and CD), although interacting on all sides with neighbors, were not physically restricted from above; D trees were taller than their immediate neighbors. Suppressed trees were overtopped. The D tree tended to be one of the largest trees in the plot, the CD tree was an average sized tree, and the SP tree tended to be one of the smallest trees (Table 2). Only SP trees with healthy leaders and showing no signs of damage or disease were sampled; as a result, for some plots, the SP tree was selected from just outside of the plot. We measured diameter at breast height (DBH) of all trees within each plot, and trees with regular cylindrical stem form were selected for measurement of conductivity. Standing dead trees in sampled plots were common on M sites (3100 ± 1369 ha -1 ), but were almost completely absent from P sites.
Field sampling
To account for differences in branch morphology and biomass of needles growing in different degrees of shade, crowns of all D and CD trees were divided into three sections of equal length. For each of three crown sections, all branches were cut at their base and weighed fresh. The fresh mass of a representative (median) branch from each section of each tree was also measured with a calibrated (10 g accuracy) spring balance, and all needles from this branch were collected, taken to the laboratory in sealed plastic bags and stored at 5°C until processed. All live needles from the crowns of SP trees were harvested, sealed in plastic bags, transported in ice and stored at 5 °C until processed. 834 REID, SILINS AND LIEFFERS TREE PHYSIOLOGY VOLUME 23, 2003 Table 1 . Site description and mean stand characteristics of the medium (M) and poor (P) sites from which sample trees were collected. Abbreviations: SI = site index; SDI = stand density index; SF = spacing factor; and DBH = diameter at breast height. Beckingham et al. (1996) ; UF = upper foothills; e = mesic moisture class (MC)/medium nutrient class (NC); c = submesic MC/medium NC; d = mesic MC/poor NC. 2 SDI = tpha(DBH q /25) 1.6 , where tpha = trees per hectare and DBH q = quadratic mean diameter.
Stem samples used to measure hydraulic characteristics were approximately 1 m long and centered on 1.3 m height. All samples were placed in moistened, airtight plastic bags in the field, stored in an insulated box covered with ice and transported to the laboratory. Samples were double bagged and frozen at -15°C within 12 h of harvest.
Although freeze-thaw cycles in stems under tension are known to cause cavitation and loss of conductivity Sullivan 1992, Sparks et al. 2001) , small diameter conifer tracheids are relatively resistant to cavitation by freezing (Davis et al. 1999, Sperry and Robinson 2001) , and the water columns in our frozen stem samples were not under tension. In order to test whether freezing and thawing of excised stem sections caused cavitation, eight similar-sized (DBH 5-8 cm) lodgepole pine trees were cut and two sample sections (below the live crown) from each tree were collected. Permeability was measured immediately after transport to the lab on half the sections collected (four upper sections and four lower sections). The remaining eight sections from the same trees were frozen and thawed as described below, prior to measurement of permeability. There were no significant differences (P = 0.63) in mean permeability between fresh (2.53 ± 0.01 × 10 -12 m 2 ) and frozen (2.73 ± 0.25 × 10 -12 m 2 ) samples.
Laboratory processing
Projected foliage area was measured from scanned images of a subsample of needles from each representative branch (or whole crown in the case of suppressed trees), using Sigma Scan-Pro ® image analysis software. Needle specific area (cm 2 g -1 ) was determined from the dry mass (measured to the nearest 0.1 g) of the scanned subsample. The dry mass of all needles from each branch was also measured. Leaf area of each crown section (A L ; m 2 ) was calculated by A L = A n w B (w n /w b ) where A n is needle specific area (m 2 g -1 ), w n is the dry mass of needles from the representative branch, w b is the fresh mass of the representative branch, and w B is the fresh mass of all branches in the section. All leaves of suppressed crowns were taken to the laboratory and leaf area was determined by multiplying A n by the dry mass of all live needles.
From each stem section harvested, a 1 cm disk cut at breast height (1.3 m) was used to measure sapwood area. The sapwood-heartwood boundary was determined from apparent differences in water content on freshly cut, frozen samples.
Where the sapwood-heartwood boundary was unclear, the disk was held up to a light and marked with a pencil. Each disk was scanned and sapwood area (A s ) measured digitally from the image. The leaf/sapwood area ratio (S; m 2 cm -2 ) was determined for each sample from these measurements.
Sapwood hydraulic characteristics
Permeability measurements were made on a 12-20 cm-long subsection of the stem sample collected, re-cut immediately above or below breast height (1.3 m) depending on the position of branch nodes. To facilitate attachment to the permeability apparatus, sample position was adjusted so that no branch nodes were near the cut ends. Samples were cut while frozen to prevent the introduction of embolism to the end cut, thawed overnight, and to prevent drying, submerged in water, with 10 mol l -1 oxalic acid to suppress growth of bacteria and fungi. Once completely thawed, the remainder of the bark was peeled off and the ends were planed with a sharp low angle (20°) block plane. Measurements were completed within 1 month of collection.
Stem samples were installed into a constant head permeability apparatus using hanging water columns to generate 16.7 kPa of pressure head (ÄØ) (after Protz et al. 1999 ). Samples were attached to the water column by plastic caps fitted with rubber tubing clamped to the sample. Permeability was measured with degassed water at room temperature and outflow was constantly determined with an electronic balance. Once flow stabilized (within 5 min), the mean flow rate over the next 20 min was used to calculate permeability. Because the flow rate through some of the suppressed tree samples was slow, outflow of water was measured for a longer period (up to 200 min). In all cases, the reservoir on the scale was covered to prevent evaporation from the pan during measurement of flow rate.
Hydraulic conductivity (K; m s -1 ) was determined in accordance with Darcy's Law after Hillel (1982 1 n = 5; n = 6 for all other groups.
where Q is the flow rate (m 3 s -1 ) of water through a stem sample of length l (m) and conducting area of sapwood A s (m 2 ), under a water potential difference ÄØ (m hydraulic head) along its length. Hydraulic conductivity is more typically expressed in terms of hydraulic permeability, which accounts for viscosity of the permeate. Sapwood permeability (k s ; m 2 ) was determined after Whitehead et al. (1984) and Pothier et al. (1989a Pothier et al. ( , 1989b :
where η is the viscosity of water (Pa s) and ÄØ is expressed in pressure units (Pa). Leaf specific conductivity (k L ) was calculated by substituting leaf area (A L ; m 2 ) for A s in Equation 2. In addition to changes in ÄØ, water flow rate to tree crowns is sensitive to differences in both K and A s . Whitehead et al. (1984) used this relationship to demonstrate that A L was more closely related to the product A s k s than to A s alone. However, though K and k s are closely related, dimensional analysis indicates that K (length per unit time), rather than k s (area), is the appropriate expression of the combined effect of A s and K on stem flow capacity (volume per unit time). Hydraulic conductivity multiplied by A s can therefore be thought of as an estimate of the capacity of the stem to supply water to foliage under a unit hydraulic gradient (Q*; m 3 s -1 ):
Percent earlywood
On the disks taken from the inflow side of each section used to measure permeability, the width of earlywood and latewood produced during the last 5 years (1994-1998) was measured on four perpendicular axes with a dissecting microscope and stage micrometer. The four measurements were averaged and percent earlywood (%E) for each sample was calculated by dividing the average cumulative width of earlywood by the total width.
Radial flow profiles
Once permeability measurements were completed, degassed water in the inflow connector was replaced with nonbinding, 10% (w/v) acid fuchsin dye. The dye solution was run through the sample under the same constant hydraulic head, just long enough to begin flowing out of the stem section. Dye running time was recorded for each sample and samples were immediately frozen to preserve the staining pattern. Each frozen sample was cut longitudinally along four perpendicular radii, and the cut surfaces planed and digitally scanned. In order to compare radial patterns from samples of different sizes, the sapwood radius on each image was divided into five equal sections and the mean distance of dye penetration for each section measured (Figure 1) . The flow velocity for any given section was calculated from the mean distance of dye penetration, divided by time. The flow profile for each sample was determined from the mean of the four radial surfaces measured. The flow velocity of the dye under constant pressure was used as a surrogate measure of radial variation in k s . The number of rings stained along each radius in all sample trees were counted and averaged. In some cases, particularly among trees from P sites, there was significant outflow of dye from the sample. As a result, the entire length of more than one radial section of the sample was stained and differences in flow velocity between sections could not be distinguished. These samples were discarded. Thus, only data collected from trees from M sites were analyzed for radial flow variation, with n = 6 for D and n = 4 for both CD and SP trees.
Statistical analysis
Crown class, site quality and interaction effects on all hydraulic variables were analyzed by the general linear model (GLM) procedure for mixed models in the SAS statistical package (Version 8.1, SAS Institute, Carey, NC) for a split plot design (with sites nested within site quality). Post-hoc comparisons between means where effects of crown class or site quality were significant were made with the Student-Newman-Keuls test. The leaf area estimate of one dominant tree from an M site was exceedingly high (20.5 m 2 ). This tree was from the older site (M-5), had the longest and heaviest crown, and total fresh mass was above the 99% confidence interval of the sample mean (Table 1) . This tree was thus identified as an outlier and excluded from the analyses related to A L . Linear regressions of the relationship between stem hydraulic capacity (Q*) and A L were calculated and compared by analysis of covariance in the form of an F-test of the appropriate sums of squares (Zar 1996) .
Because the number of repeated measures (five radial sections) exceeded the number of experimental units for some treatments, radial dye flow patterns were analyzed first by determining if there were linear (or higher order) trends, then by comparing the slopes of any significant trends (Meredith and Stehman 1991) . The GLM procedure of SAS was used to determine if the relationships between radial position and sap flow velocity represented significant linear or higher order polynomial trends. Only linear trends were significant. Differences in slope between the linear trends of D, CD and SP trees were tested using the univariate procedure.
Results
Measures of conductivity
Sapwood permeability was related to crown class (P < 0.001); the average k s of D and CD trees was 2.65 times greater than that of SP trees regardless of site quality (Table 3, Figure 2a ). In terms of site quality, k s of trees from M sites was 1.4 times that of trees from P sites (P = 0.033). There was no interaction between crown class and site quality (P = 0.382). The effects of crown class and site quality on K mirrored those of k s and, in this case, can be considered to be equivalent because there was little variation in viscosity of the permeate in our samples. Leaf specific conductivity did not vary between sites (P = 0.1613) and there was no effect of crown class (P = 0.2830) or significant interaction (P = 0.5083).
Leaf/sapwood area ratio (S)
Crown dominance was positively related to S (P < 0.0001) (Figure 2b) , and mean S was 38 and 212% greater for D trees than for CD and SP trees, respectively (Table 3 ). The slopes of regressions forced through the origin also differed among crown dominance classes (D = 0.10, CD = 0.08 and SP = 0.05) (P < 0.05), and were similar to the mean values of S for each class. There was no effect of site quality or interaction between site quality and crown position.
Percent earlywood
There were strong effects of crown dominance position (P = 0.008) and site quality (P < 0.001) on percent earlywood in xylem produced between 1994 and 1998 (Figure 3) . Trees from M sites had 8.6% more earlywood within the last 5 years of growth than trees from P sites, and D trees had a greater proportion of earlywood than other crown classes.
Variation in radial flow velocity
Dye flow velocity declined linearly from a maximum in the exterior sapwood to a minimum at the sapwood-heartwood boundary (P = 0.047), and these trends differed between crown classes (P = 0.013). Dominant trees had the most gradual decline (least negative slope) (P > ⏐t⏐< 0.001) (Figure 4a) , across a wider sapwood radius relative to CD and SP trees (Figure 4b ). Note that D and CD trees, however, had more annual rings in their sapwood compared with SP trees, and there were more annual rings in the sapwood of trees from M sites ( Figure 5 ). Both the effects of crown class (P < 0.001) and site quality (P = 0.041) on the number of annual rings in sapwood TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SAPWOOD PERMEABILITY AND CROWN DOMINANCE IN PINE 837 Table 3 . Means for leaf/sapwood area ratio (S), sapwood permeability (k s ), sapwood hydraulic conductivity (K), leaf specific conductivity (k L ) and hydraulic capacity (Q*) for dominant (D), codominant (CD) and suppressed (SP) trees from all sites combined. Means within rows (by variable) followed by the same letter are not significantly different at the 0.05 level according to the Student-Newman-Keuls test.
Characteristic D (n = 11) CD (n = 12) SP (n = 12) Figure 2 . Means and standard errors across crown dominance classes and site qualities in terms of (a) saturated sapwood permeability (k s ) and (b) leaf/sapwood area ratio (S) (n = 5 for dominants from medium sites, n = 6 for all other groups).
were significant, but there was no interaction. Dye did not penetrate into the heartwood.
Stem hydraulic capacity (Q*) versus crown leaf area (A L )
There were large differences in Q* among trees from different crown classes (Table 3) . For all crown dominance classes and both site qualities, A L was linearly and positively related to Q* ( Figure 6 ). Pair-wise comparisons indicated there were no differences in slope (P = 0.569), but there were differences in the intercept (P = 0.007) among crown classes. The relationship between A L and Q* for D trees had a higher intercept than the 838 REID, SILINS AND LIEFFERS TREE PHYSIOLOGY VOLUME 23, 2003 same relationships for CD (P = 0.016) and SP (P = 0.043) trees. There were no significant differences due to site quality.
Discussion
Our study shows that stem sapwood of SP trees had inferior hydraulic characteristics compared with D trees (Figure 2a , Table 3 ). Canopy D and CD trees were superior to SP trees in terms of k s , confirming the findings of the non-replicated study of Shelburne and Hedden (1996) . We also observed a similar trend in S with crown class; D trees had more A L per unit of sapwood basal area than SP trees (Figure 2b) . Furthermore, D trees with their large stem size and high K had much greater Q* than SP trees (Table 3) , which was reflected in the large differences in A L (Table 2 ) between D and SP trees. Dominant trees had greater A L per unit Q* than subdominant trees (Figure 6) ; this may reflect the increased capacitance of larger D stems, superior water and nutrient foraging capability (larger root biomass), better access to light or genotypic differences. Conversely, the reduction in leaf area relative to Q* in subdominant trees might be related to factors other than the ability of the stem to deliver water to crowns. Lastly, and in contrast to the findings of Coyea et al. (1990) with balsam fir, SP trees had fewer annual sapwood rings than D trees ( Figure 5) . Overall, the slow-growing SP trees developed sapwood that was more resistant to water flow. Somewhat surprisingly, no differences in k L were evident between crown classes (Table 3) . Lower S associated with reduced k s suggests that SP trees reduced their A L in response to a decline in k s .
The decline in k s and S from D to SP trees was related to reduced %E in SP trees compared with canopy trees (Figure 3 ). Keane and Weetman (1987) suggested a similar decline in earlywood production related to lower S in trees from highdensity stands. Another factor related to the decline in S in SP trees is the steep decline in conductivity from outer sapwood to inner sapwood compared with D trees (Figure 4 ). This effect was also observed in loblolly pine by Shelburne and Hedden (1996) . Thus, on an area basis, inner sapwood contributed less than outer sapwood to the supply of water to leaves. Therefore, the effective sapwood area of SP trees was probably less than that of D trees, which had more conductive inner sapwood. The decline in S from D to CD trees was not associated with a concurrent decline in k s between D and CD trees on M sites (Figure 2a ). This unexpected observation might relate to two factors. (1) Conductivity declined more rapidly from outer to inner sapwood in CD trees from M sites (Figure 4) , which may reduce effective sapwood area, whereas more conductive outer sapwood may have been able to compensate, resulting in equivalent k s . (2) It is possible that CD trees on M sites lost some of their leaves from crown friction with neighboring trees. The tall but slender stems of CD trees (Table 2) would likely have allowed crowns to sway more in wind and collide with neighbors with greater intensity (Rudnicki et al. 2001) , thereby abrading leaf area and lowering the A L component in the calculation of S.
The reduced permeability of stems from P sites that we observed is similar to the findings of Pothier et al. (1989a Pothier et al. ( , 1989b , who found low k s of jack pine on poor sites. Reduced %E and reduced numbers of annual rings in the sapwood (Figure 5 ) of trees on the P sites likely contributed to lower permeability. Despite differences in k s , the lack of differences in k L and Q* between sites does not support the hypothesis of hydraulic limitation on A L related to site type (Keane and Weetman 1987) . Nevertheless, there were large differences in the rate of self-thinning between these two site types; P sites had few standing dead trees and a much greater proportion of SP trees. That the site index measured on trees from P sites (mean = 9.5, Table 1 ) was well below that of reported values for UF d ecosites (SI 50 = 12.9 ± 0.2; Beckingham et al. 1996) suggests that our P sites were displaying repression of height growth (Farnden and Herring 2002) , likely related to high stem density interacting with poor site quality. Our observations of differences in sapwood hydraulic characteristics among trees from differing crown classes may provide insights into the lack of self-thinning mortality we encountered in the height-repressed P sites. We hypothesize that greater stem hydraulic supply capacity per unit A L of subdominant trees ( Figure 6 ) improves their ability to survive short-term water stress. Although it is clear that subdominant trees, especially SP trees, had stems that are more resistant to water flow (Figure 2a) , subdominants actually had proportionately fewer leaves and thus likely suffered less water stress than dominants. Also, SP trees likely have a lower water demand per unit A L because they are shaded most of the time and stomatal opening is triggered by light. Furthermore, subdominant trees contain less earlywood and are less likely to cavitate during freeze-thaw events because the likelihood of cavitation increases in tracheids with larger lumen diameters Sullivan 1992, Davis et al. 1999) . Thus, CD and SP trees (and trees from P sites in general) are more likely to resist cavitation during periodic freeze-thaw events. Small differences in cavitation-related mortality, compounded over many cycles, may eventually contribute to the differences in self-thinning noted between site types. This hypothesis for reduced self-thinning in P sites requires further physiological measurements under dynamic water stress, and measurement of freeze-thaw induced cavitation from high-density stands on good and poor sites.
